A cw output power up to 0.8 mW is obtained from a low-temperature-grown (LTG) GaAs, 0.3 ,um gap, interdigitated-electrode photomixer operating at room temperature and pumped by two modes of a Ti:AlaOs laser separated in frequency by 0.2 GHz. The output power and associated optical-to-electrical conversion efficiency of 1% represent more than a sixfold increase over previous LTG-GaAs photomixer results obtained at room temperature. A separate LTG-GaAs photomixer having 0.6 ,um gaps generated up to 0.1 mW at room temperature and up to 4 mW at 77 K. Low-temperature operation is beneficial because it reduces the possibility of thermal burnout and it accentuates a nearly quartic dependence of output power on bias voltage at high bias. The quartic dependence is explained by space-charge effects which result from the application of a very high electric field in the presence of recombination-limited transport. These conditions yield a photocurrent-voltage characteristic that is very similar in form to the well-known Mott-Gurney square-law current in trap-free solids.
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Low-temperature-grown (LTG) GaAs remains of great interest to materials and device scientists alike because of its remarkable properties of high resistivity, high cross-gap photocarrier mobility relative to semiconductors of comparable resistivity, and very high dc breakdown fields. These properties have been utilized in several electrical and optical devices including field-effect transistors' and photon detectors. ' Recently we have exploited these properties to make an optical heterodyne converter, or photomixer. In previous work, the output power and optical-to-electrical (O-E) conversion efficiency of a photomixer operating at room temperature were limited to 200 ,uW and 0.15%, respectively. Here, the performance is enhanced considerably by improving the interdigitated electrode structure and by operating the photomixer at cryogenic temperatures.
The LTG-GaAs material in the present experiment was grown by molecular beam epitaxy (MBE) on a semiinsulating GaAs substrate. The substrate temperature during growth was approximately 195 "C and the ratio of arsenic to gallium fluxes was set at 1O:l. The LTG-GaAs epitaxial thickness was approximately 1.0 ,um. After growth, the sample was annealed in the MBE chamber at a temperature of 600 "C for 10 mm with an arsenic overpressure. The sample was then characterized by time-resolved photoreflectance and was found to have a photocarrier lifetime of approximately 0.2 ps.
After annealing, interdigitated electrodes were fabricated on the top surface of the LTG GaAs by electron-beam Iithography to define the active region of the photomixer. The metal-electrode topography consisted of either forty 0.2-,~n-wide electrodes separated by 0.3 pm gaps, or twenty 0.4-,o,m-wide electrodes separated by 0.6 ,um gaps. The ratio of gap width to finger period in both structures is 20% higher than in our previous photomixer. In principle, this yields a 44% improvement in photomixer output power and O-E conversion efficiency from the increase in external quantum efficiency alone. The final step of the fabrication was the creation of an electrical coplanar waveguide structure around each set of interdigitated electrodes. The coplanar waveguide was defined by optical lithography and Ti/Au metal lift-off. The characteristic impedance of the coplanar waveguide was designed to be 50 Q to facilitate the measurement of the photomixer output signal at microwave frequencies.
The photomixer was driven by a single (standing wave) Ti:Ala03 solid-state laser operating at a wavelength near 750 nm. The laser was internally adjusted by etalons to operate with equal output power in two adjacent longitudinal modes separated in frequency by 200 MHz. The output beam was focused down to a spot diameter of approximately 20 ,um at the photomixer active region and the total power was varied by changing the power of the argon-ion laser that pumped the Ti:AlzO, crystal. For each pump power, the dc bias voltage was increased from zero up to a value just below that which produced catastrophic breakdown. Shown in Fig. l (a) are the experimental results for the 0.6 ,um gap photomixer at room temperature and for total optical pump powers of 45 and 75 mW. At both power levels, we observed a nearly quadratic increase in output power with dc bias voltage up to about 8 V, followed by a superquadratic increase at higher voltages. At a tied bias voltage less than about 5 V, the output power also increased quadratically with pump power between 45 and 75 mW. Both quadratic functions are characteristic of any photomixer in which the photocurrent depends linearly upon bias voltage. The superquadratic dependence on bias voltage is similar to that observed in previous experiments3 and is discussed below.
For 45 mW pump power, the output power at room temperature approaches a maximum value of -9 dBm at a bias voltage of 30 V. This represents an O-E conversion efficiency of approximately 0.3%. When the optical power or bias voltage was increased beyond this level, the device displayed thermal burnout. Burnout is not surprising under these operating conditions because the thermal conductivity of GaAs decreases rapidly with increasing temperature (ap- proximately as T-"'4)5 up to at least 500 "C. The resulting rapid increase of temperature with optical power causes the resistance of the LTG GaAs to drop significantly, which can cause the electrical current in the LTG GaAs to run away. In the present experiments, the photomixer was biased with a constant-voltage power supply so that current runaway could not be suppressed.
With burnout in mind, we tested a 0.6 ,um gap photomixer at 77 K by mounting the coplanar-waveguide sample on the cold finger of a liquid-nitrogen crystal. The laser pump beam was focused on the photomixer through a glass window on the outer vacuum jacket of the cryostat. Shown in Fig. l(b) are the experimental results for optical pump powers of 75 and 225 mW. For the 75 mW pump and bias voltages less than 10 V, the output power was slightly less than at room temperature with the same pump power. Above 10 V bias, the dependence on bias voltage became superquadratic, and the output power at 77 K exceeded that at room temperature. The output power for 225 mW pump power was nearly 10 times that obtained with 75 mW, power, consistent with the theoretical quadratic dependence of output power on pump power. Above 10-V bias, the output power increases in a nearly quartic~ fashion such that +6 dBm (4 mW) was obtained at 30 V bias. The highest O-E conversion efficiency at 77 K was 1.5% under the conditions of 225 mW pump power and 30 V bias. Shown in Fig. 2 are the experimental results for the 0.3 w gap photomixer operating at room temperature with optical pump powers of 30 and 85 mW. For 30 mW pump power, the output power is approximately quartic with bias voltage from 2 up to about 10 V. Beyond 10 V, the output power increases superquartically in contrast to the behavior of the 0.6 pm gap device. With 85 mW pump power, the output power is quadratic up to about 5 V and then approximately quartic at higher voltages. The highest roomtemperature output power was -1 dBm (0.8 mW), obtained with 85 mW pump power and 14 V bias. The highest G-E conversion efficiency was l%, obtained with 30 mW pump power and 18 V bias. A bias of 18 V could not be applied with 85 mW pump power without destruction of the device, but a linear extrapolation of the curve in Fig. 2 yields a projected output power of C6 dBm (4 mW) under these conditions. We believe that this performance can be achieved by better heat sinking of the device or, perhaps, simply by using a ballast resistor in the bias circuit.
To understand the physical characteristics of the photomixer, we have examined the dc photocurrent and dark current as functions of bias voltage under the same conditions as used above. Shown in Figs. 3(a) and 3(b) are the experimental results for the 0.6 pm gap device at room temperature and 77 K, respectively. Below 5 V bias, the photocurrent is linear for 45 mW pump power at room temperature, and for both pump powers at 77 K The linear dependence in these samples is indicative of ohmic transport in the bulk LTG GaAs, and suggests that the bulk resistance limits the current through the device rather than the metal-to-LTG-GaAs contacts. It also explains the quadratic dependence of output power on bias voltage. According to optical-heterodyne theory, the output power at the difference frequency is given by P,=(i2)Z,, where (i") is the rms average of the ac photocurrent at the difference frequency and Ze is the characteristic impedance of the load circuit. For moderate optical pump powers, we can write this as P,=(1/2)S~P1P,Zo, where Sr is the external current responsivity, and P, and Pz are the average powers of the two pum B lasers. In the case of ohmic transport, S,KV, so that PoQV .
At bias voltages above 5 V in the 0.6 pm gap device and above 2 V in the 0.3 pm device, the photocurrent began to increase nearly quadratically. This is indicative of nonohmic transport in the LTG GaAs and it explains the onset of the quartic dependence of output power on bias through the same argument as given above. Because the range of bias voltage over which the superlinear photocurrent occurs is so broad and because this behavior has been observed in all of our LTG-GaAs photomixers measured to date, it becomes an essential factor in explaining the milliwatt-level output of these devices. We have carried out a qualitative analysis of the photocurrent based on the drift and current-continuity equations for electrons and holes, ignoring the effects of carrier diffusion. The electrons and holes were assumed to have the same recombination rate but different lifetimes, 7, and ?-h , with Th> 7,; The interdigitated electrodes were approximated as parallel plates with uniform current density be- tween them. At low bias, ohmic behavior is displayed with the current density given by J=e(n,ue+p&E, where ni&& and p(& are the photoelectron and photohole densities (mobilities), respectively, and E is the electric field between the contacts. In the low bias limit, E is uniform and equal to V/L where L is the distance between electrodes in the parallel-plate approximation. When V is increased to the point where the quantity L2( ,xL, + ,xR)I pcL,pLLV becomes comparable t0 or leSS than rh-r#, the current density begins to increase quadratically consistent with the expression J=(9/8)aV2/L3
where U=e(~u,7,+rU~rh)~FLerU,g(rh-7,)/ ((u,+p,,) and g is the cross-gap photogeneration rate. For example, if we assume L -0.6 ,um and the room-temperature values pt,=400 cm'-V-l s-l,' p,-100 cm" V-l s, ~~-5 ps, 7,%0.2 ps, we find a crossover from ohmic to quadratic behavior at V=16 V. This is in good agreement with the photocurrent shown in Fig. 3(a) .
The above quadratic current-voltage relation is very similar superficially to the Mott-Gurney law for a trap-free insulator in which the current is limited by the buildup of free space charge between the contacts.6 Our analysis for the LTG GaAs leads to a similar deviation from space-charge neutrality because of the difference between the electron and hole lifetimes and because of the high bias fields in the material which spatially separate the photogenerated electronhole pairs. This deviation from ohmic behavior has conventionally been called "recombination-limited transport" and has been observed in semiconductors and insulators?
Several other mechanisms have been considered to explain the superlinear behavior of the photocurrent. The first was cross-gap impact ionization. At the highest bias voltages, the electron potential-energy drop between the cathode and anode electrodes is over 10 times the GaAs band-gap energy E,. This may enable photoelectrons generated near the cathode to gain the required kinetic energy, 3E,/2, to create a new electron-hole pair. However, when impact ionization occurs in semiconductor devices, it usually leads to avalanche breakdown, which is always characterized by a very rapid increase in current with voltage. Judging from the relatively gradual current-voltage characteristics in Fig. 3, we believe that avalanche breakdown is not occurring in the 0.6 ,um gap device. Nevertheless, we cannot rule out the possibility that either the small distance between electrodes or the very short recombination time in these samples is prohibiting avalanche multiplication but allowing for limited impact ionization. This may explain the superquartic dependence at high bias voltages for the 0.3 pm device in Fig. 2 .
A second mechanism that we considered was Zener tunneling at the As precipitates that exist in all LTG-GaAs samples annealed after the growth. ' We were led to this mechanism by an observation made long ago of soft reverse breakdown in Ge p-n diodes contaminated by metallic precipitates. ' We ruled out this mechanism based on the observed variation of the photocurrent with temperature. In comparing Figs. 3(a) and 3(b) , we see that the quadratic dependence becomes much more pronounced in lowering the temperature to 77 K. In contrast, Zener tunneling in GaAs would become less pronounced because of the significant increase in E, that occurs between room temperature and 77 K.1°
In conclusion, we have demonstrated a LTG-GaAs photomixer having milliwatt output power levels in operation at room temperature and much greater output powers in operation at 77 K. The performance of this device is due in large part to a nearly quadratic dependence of photocurrent on bias voltage. We attribute the quadratic dependence to spacecharge effects which result from the application of very high electric fields in the presence of recombination-limited transport. Because of the intrinsic photoconductive speed of the LTG GaAs, the milliwatt output power makes the photomixer very promising as a broadband tunable source operating from dc to frequencies well above 100 GHz.
